Evidence is presented of widespread changes in structure and species composition between the 1980s and 2003-2004 from surveys of 249 British broadleaved woodlands. Structural components examined include canopy cover, vertical vegetation profiles, field-layer cover and deadwood abundance. Woods were located in 13 geographical localities and the patterns of change were examined for each locality as well as across all woods. Changes were not uniform throughout the localities; overall, there were significant decreases in canopy cover and increases in sub-canopy (2-10 m) cover. Changes in 0.5-2 m vegetation cover showed strong geographic patterns, increasing in western localities, but declining or showing no change in eastern localities. There were significant increases in canopy ash Fraxinus excelsior and decreases in oak Quercus robur/petraea. Shrub layer ash and honeysuckle Lonicera periclymenum increased while birch Betula spp. hawthorn Crataegus monogyna and hazel Corylus avellana declined. Within the field layer, both bracken Pteridium aquilinum and herbs increased. overall, deadwood generally increased. Changes were consistent with reductions in active woodland management and changes in grazing and browsing pressure. These findings have important implications for sustainable active management of British broadleaved woodlands to meet silvicultural and biodiversity objectives.
Introduction
In recent years, there has been concern that long-term habitat and structural changes are taking place in British woodlands (Kirby et al., 2005) leading to changes in some key aspects of biodiversity interest (Hopkins and Kirby, 2007) . For many invertebrate and vertebrate species, structural attributes, such as deadwood, dense low foliage and open space, may be as important as floristics or plant composition (Kirby, 1992) . Changes of early successional habitats within woodlands have been linked to losses of woodland butterflies (Asher et al., 2001) , and structural changes, especially in foliage density, have been suggested as one of the drivers of declines of woodland bird populations (Fuller et al., 2005 , Amar et al., 2006 . Since the 1940s, there have been major changes in the management of broadleaved woodlands in Britain with a shift from active coppice management to high forest (Mason, 2007) . Much former coppice has not been cropped for many years and in recent decades many broadleaved woods have received little active management because of a depressed timber market. Intensified deer browsing, in combination with increased canopy shading as a result of reduced management, is thought to be driving reductions in woodland understorey structures in some parts of the lowland England (Fuller and Gill, 2001; Dolman et al., 2010) .
There is much historic data on the age and woodland type compiled since the 1920s (see for instance, Gilbert, 2003, Hopkins and Kirby, 2007) and there is now more recent data on management and biodiversity (Gilbert, 2007) . However, apart from some commendable longterm studies at individual sites Jones, 1987, 1989; Kirby et al., 1996 , Crampton et al., 1998 , Kirby and Thomas, 2000 , Mihók et al., 2009 , there is little detailed historic data describing the habitat and structure of woodlands to allow change to be examined on a large spatial scale. This is an important gap in knowledge because if structural changes in woodland vegetation are responsible, even partly, for the large changes in woodland biodiversity described above, then these habitat changes must be evident across large numbers of sites. In one of the few relevant wide-scale studies, Kirby et al. (2005) compared ecological surveys of 103 woodlands in 1971 with comparable data collected from the same sites between 2000 and 2003. Their comparisons concentrated particularly on the tree and shrub species, the ground flora and soil chemistry. The key result from this study was an overall decrease in the species richness of ground flora, but with increases in shade and semi-shade tolerant plants. There were increases in soil pH, perhaps reflecting recovery from earlier airborne pollution (nEGTAP, 2001) . Most tree and shrub species remained stable although there had been a loss of small diameter tree stems from some stands and there was an overall increase in basal area. While this study considerably advanced our knowledge on many aspects of woodland habitat change, there is still very little information available on changes in structural attributes, such as the foliage cover in different height intervals, which are likely to be important for invertebrate and vertebrate biodiversity (Warren and Key, 1991; Fuller and Warren, 1993; Fuller, 1995) .
It is unknown whether the processes perceived to be operating in British forests are likely to be evident in other temperate broadleaved woodland environments where management systems and herbivore assemblages may be different. In the few cases where long-term ecological datasets exist, there is evidence of substantial shifts in plant composition and increasing community homogenization (rooney et al., 2004; rogers et al., 2008, 2009 ). We are unaware, however, of studies that have measured vegetation structure over periods of decades on large numbers of sites.
In this paper, we examine habitat and structural data collected as part of wide-scale surveys of woodland birds in the 1980s repeated in [2003] [2004] (the repeat Woodland Bird Survey (rWBS)) (Amar et al., 2006; Hewson et al., 2007) . In the rWBS, data on bird abundance in a large sample of broadleaved woodlands in 2003-2004 were compared with similar data collected in the 1980s. For a sub-sample of these woods, habitat data were collected in the 1980s and 2003-2004 using directly comparable methods. In this paper, we use these habitat data to examine the extent to which broadleaved woodland habitats have changed over the last two decades and whether changes show regional patterns. The emphasis is on detecting general patterns that may be informative about processes operating on large scales, and therefore potentially important drivers of shifts in biodiversity, rather than emphasizing changes within individual woods. Particular emphasis is given to the canopy and understorey vegetation structures of these woodlands, but we also provide information on changes in the occurrence of tree and shrub species, deadwood and water features.
Methods

Background
A total of 406 broadleaved woodlands in England, Wales and Scotland were surveyed in 2003-2004 under the rWBS. of these, 249 had habitat data collected using directly comparable methods in both the 1980s and 2003 1980s and -2004 1980s and (Amar et al., 2006 Hewson et al., 2007) . In this paper, we use data from these sites to examine the habitat changes that have occurred over the intervening two decades and whether there are any geographic patterns to these changes. Throughout this paper, the 1980s are referred to as episode 1 and 2003-2004 as episode 2.
Site selection
The rWBS focussed on resurveys of broadleaved woodlands for which historic bird and habitat data were available. The initial 1980s surveys were carried out to fulfil a range of purposes including potential reserve selection, investigation of woodland management and bird communities (e.g. Smith et al., 1992) , regional assessments of breeding bird communities and national bird monitoring schemes (Marchant et al., 1990) and so the site selection was not random. The distribution of the sites is shown in Figure 1 . They are grouped into 13 localities which are included in the analyses (Table 1 , gives locality codes used throughout the paper).
Field methods
In both the 1980s and 2003-2004, all habitat measurements were made within a 25-m radius circular plot around a set of randomly selected points within each wood. There were normally 10 points per wood but this varied slightly depending on the area of the wood (episode 1: mean 12.9 (±0.61 SE), episode 2: mean 9.7 (±0.09 SE) points per wood). Points were distributed randomly with two constraints; none were within 50 m of the external edge of the wood and no two points were within 100 m of each other. If a random point fell within an open ride or clearing, the habitat was recorded at the point so that the overall habitat values reflected the whole wood including any open spaces. Table 2 summarizes the 18 variables measured and used in these analyses. The same methods were used for recording habitat measures in both episodes. Although we have restricted the analyses to variables collected in both episodes, there are deficiencies in the data in that not all variables were collected in each locality, or in both periods (for details of which localities were excluded, see Table 2 ). Habitat surveys were conducted between mid-May and mid-June in both episodes, when the shrub and canopy layer foliage was fully developed. We endeavoured to ensure these measurements took place at the same time of year in both surveys (within 2 weeks of the original surveys).
The woody vegetation was recorded in four horizontal layers; 0.5-2, 2-4, 4-10 m and the canopy >10 m. For each layer, the per cent coverage over the whole 25-m recording area was estimated to the nearest 10 per cent by eye by trained observers. estimated by eye. other plants were grouped under the category herbs. For a few localities in episode 1, the cover of the field layer vegetation was recorded on a five-point scale (0 = not present, 1 = present, 2 = 1-10, 3 = 11-49, 4 = 50-79, 5 = 80-100 per cent). To facilitate a more complete analysis, all field layer vegetation cover data were therefore converted to this five-point scale. Basal area was assessed using a standard relascope (Matthews and Mackie, 2006) to count the number of stems exceeding a set subtended angle at the observer. Water features were recorded as the presence/absence of any bog, stream, flush or pond within the 25-m habitat recording area. Deadwood was recorded in three ways; the number of standing dead trees (>10 cm diameter growth at breast height) and the number of dead limbs >20 cm diameter on living trees within the 25-m habitat recording area and the numbers of large (>10 cm diameter) dead branches on the ground intersected by four transects (north, south, east and west) across the 25-m radius habitat recording area. The occurrence of all tree and shrub species in the canopy and understorey within the recording area was recorded and used in analyses of changes of individual species abundance and species richness.
Statistical analyses
A site represented the area of wood that was surveyed, which was sometimes an isolated wood, but could also be a section of a larger block of woodland. Sites were grouped together in localities, which were the areas within which the sites were clustered together (Table 1, Figure 1 ).
Data were analysed using generalized linear mixed models (GlMM) in SAS version 9.1 (SAS Institute Inc., 2004). Since habitat measurements were recorded at multiple points within each wood in each episode, we fitted 'site' (a unique code for each wood) and site × episode interaction as random effects in all models. This controlled for the lack of independence of data from the multiple points within a wood in each episode and between episodes at the same wood. Episode, locality and the episode × locality interaction were included in the models as fixed effects. Significant changes in habitat variables within a locality between the episodes were examined through difference in least square means. results for the effect of episode are reported from type III analyses. The use of our GlMM approach meant we were able to usefully retain and incorporate information on habitat variation between points within a wood, making the approach more powerful than comparing simple summary statistics, while avoiding issues of pseudo-replication. normal, Poisson or binomial errors and the corresponding canonical link function (identity, log or logit) were used as appropriate.
Although habitat measures were recorded at similar times of year in both episodes, we also included in the models date and the date × episode interaction as permanent fixed effects in cases where we believed that the timing of surveys could be influential on the variable being analysed. These variables included water features and all field layer measures, with date being specified as the number of days since 1 January of that year.
All percentages were square root-arcsin transformed and analysed assuming a normal distribution. Presence/absence data, such as that relating to water features, were analysed assuming a binomial error structure. Count data, such as the relascope counts of tree stems (basal area) and standing dead trees, were analysed assuming a Poisson distribution.
For deadwood on the ground, a single score (1-4) for each point was calculated by summing the presence of deadwood from each of the four transects. Data were analysed assuming a binomial distribution, with the score from the four transects specified as the numerator and the maximum possible score (4) as the denominator.
The species composition of the woody vegetation was analysed separately for the shrub (below 10 m) and canopy (>10 m) layers. In order to avoid the analyses being driven by infrequently occurring species, the presence/ absence scores for each species in each layer were summed and ranked and the top 10 species in either episode selected for subsequent analyses (Table 3) . Eleven canopy species featured in the top 10 from both episodes and made up ~85 per cent of the total species present at plots in both by on June 21, 2010 http://forestry.oxfordjournals.org Downloaded from episodes. The same 10 shrub layer species featured in both episodes and made up 91 and 78 per cent of the total species recorded as present in episodes 1 and 2, respectively. For each episode, an abundance score for each selected species at each site was calculated by summing the presence/ absence scores from all points at that site. The species richness for each site and episode was simply the number of species listed in Table 3 that occurred in either the canopy or shrub layer. All individual species composition data were analysed using a binomial distribution (numerator = points with species present; denominator = total number of surveyed points). Additionally, to allow habitat changes to be compared across localities with similar woodland types, we grouped localities which were dominated by similar canopy and shrub layer species. To allow this grouping, the presence of each woody species in episode 2 in the canopy and shrub layer at each point was summed by locality and all species found at >30 per cent of points recorded separately for the canopy and shrub layer (Table 7) .
For all analyses, the overall changes in each variable are reported between the episodes and the patterns of change in each locality. no attempt is made in this paper to report the results from each of the 249 woods, the focus being on detection of general pattern. We accept that because sites were not selected at random and because sample size of sites between regions varies, we are limited in our extrapolation to the wider countryside and any overall changes we have found need to be viewed with this constraint in mind.
Results
Canopy
There was a significant decrease in overall canopy cover between the two periods (P = 0.003) with a significant interaction between locality and episode (P < 0.0001). All localities, with the exception of Gwynedd (GW), Buckinghamshire (Bu) and northamptonshire (no) showed significant changes in canopy cover, with six decreasing and one Suffolk (Su) increasing (Figure 2a) . Table 4 presents a summary of the changes in frequency of woody species in the canopy. There were significant increases in the frequency of occurrence of ash Fraxinus excelsior, birch Betula spp. and norway spruce Picea abies between episodes 1 and 2, while hawthorn Crataegus monogyna, hazel Corylus avellana, holly Ilex aquifolium and oak Quercus robur/petraea all showed significant decreases. For all species, there were highly significant interactions between locality and episode, suggesting that the direction and degree of these changes varied between localities (Table 4 ). There was no overall change in canopy species richness between episodes 1 and 2 (P = 0.41) but there was a significant locality × episode interaction level (P < 0.001). Canopy layer species richness based on the 11-most frequently occurring species increased in Bu, Forest of Dean (FD), Highlands (HI), Su and Welsh Marches (WM) and decreased in Argyll (Ar), Devon and Somerset (DS), GW, and Powys (Po) with no significant change in new Forest (nF) and no.
Basal area showed no overall significant change between the two episodes from five localities. However, there was a significant interaction between locality and episode (P < 0.0001), with two localities (no, HI) showing significant increases and the remaining three (nF, Bu, FD) showing significant decreases.
Field and shrub layers
Changes in cover of the key species in the field layer vegetation are summarized in Table 5 . overall, herb and bracken cover increased significantly while heather cover, albeit based on a small number of localities, decreased. For all but one variable (bilberry), there were significant interactions between locality and episode indicating that the changes varied between localities. For heather and bracken, there were significant positive effects of survey date on cover.
There was a small but significant overall increase in vegetation cover in the 0.5-to 2-m height band between episodes 1 and 2 (P = 0.036). This varied between localities, as demonstrated by the significant episode × locality interaction (P < 0.0001). From 12 localities in this analysis, five showed significant increases (DS, FD, Po, GW, Ar) and three showed significant decreases (Su, no, HI). The remaining four localities showed no significant changes (Figure 2b ).
There were significant increases in the vegetation cover between episodes 1 and 2 in both the 2-to 4-m and 4-to 10-m height bands (both P < 0.0001). Average vegetation cover nearly doubled in the 2-to 4-m height band (means: episode 1 = 16.9 per cent, episode 2 = 28.6 per cent) and trebled in the 4-to 10-m height band (means: episode 1 = 12.1 per cent, episode 2 = 39.8 per cent). When trends in the individual localities were investigated, there were significant increases in vegetation cover in the 2-to 4-m height band in 10 of the 12 localities, although there were significant declines in both Su and HI (Figure 2c ) In the 4-to 10-m height band, there were significant increases in (Figure 2d) . Table 6 presents a summary of the changes in frequency of species in the shrub layer. There were significant increases between episodes 1 and 2 in the frequency of occurrence of ash and honeysuckle Lonicera periclymenum, and significant decreases in birch, hawthorn and hazel. For all shrub species, there were highly significant interactions between locality and episode, again suggesting that the direction and degree of these changes varied between localities. There was no overall change in shrub layer species richness between episodes 1 and 2 although there was a significant interaction between locality and episode (P = 0.002). Shrub layer richness increased significantly in Ar, but remained unchanged in Bu, FD, HI, nF, no, FD and HI. Deadwood overall, there was a significant increase in the number of standing dead trees within woods (P = 0.0002). However, there was a significant interaction between locality and episode (P < 0.0001). Six localities (nF, DS, Gloucestershire (Gl), WM, Po, GW) showed significant increases in the number of dead trees and four localities (no, FD, Ar, HI) showed significant decreases (Figure 3 ).
There was a significant increase in the number of dead limbs over 20 cm in diameter (P = 0.0019). There were again inconsistent changes between localities (episode × locality: P < 0.0001). of the six localities, nF, Bu and no showed significant increases, and HI showed a significant decrease while FD and Gl showed no significant change (Figure 4 ).
There was a significant increase in the presence of deadwood on the ground between episodes 1 and 2 (P < 0.0001). All five localities examined showed increasing trends, with significant increases seen in Bu, FD and nF ( Figure 5 ).
Water features
There was no effect of date or date × episode interaction on the probability of a point containing a water feature (F 1,500 = 0.07, P = 0.80 and F 1,395 = 0.15, P = 0.70, respectively). Although the average proportion of points with a water feature increased from 17 to 22 per cent between the two episodes when all woods were grouped together, this overall change was not significant (F 1,408 = 0.67, P = 0.41). However, there was a near significant interaction between locality and episode (F 11,242 = 1.81, P = 0.053). The proportion of points with a water feature increased significantly in no, Gl, WM, Po and Ar but showed no significant change in the other localities. localities excluded from the analyses due to lack of data are shown. ns = not significant; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
Discussion
Although the woods in our study were not drawn randomly from those in the wider countryside, they do still represent a considerable sample of sites, many of which come from the main large blocks of broadleaf woodland Figure 3 . Mean number of dead trees per ha (±1 SE) for each locality in each episode (episode 1 = grey bars, episode 2 = black bars). Means are generated from the raw data and calculated using the mean score from each wood in each locality. Figure 5 . Mean proportion of points with deadwood present on the ground (±1 SE) for each locality in each episode. Means are generated from the raw data and calculated using the mean score from each site in a region. For episode 2, the presence of each woody species in the canopy and shrub layer at each point has been summed by locality and all species found at >30% of points listed by rank order. ↓ indicates a significant decrease between episodes 1 and 2, ↑ a significant increase, and = no significant change. Shaded cells indicate where there were no data.
within Britain. They cover a wide geographic spread with sites located in England, Scotland and Wales. Although the majority of woods were under high forest management, this is a good reflection of the current woodland resource in Britain (Mason, 2007) . If anything, broadleaved woods in the east of England, the midlands and the north will be under-represented in the sample. This should be considered if extrapolating from these results, especially those that come from a limited number of sites or within a restricted number of localities. The most striking results from this study were the strong interactions between episode and locality in the analyses, implying that the changes differed between localities. This is perhaps not surprising given the wide geographic spread of the study sites, the differences in their species composition, management history and the current range of factors operating within them. It is illuminating to look in detail at the woodland types in each locality (Table 7) . Based on the main canopy and shrub species, the 13 localities fall into five distinct groups: Argyll and Highlands, Gwynedd and Powys, Devon and Somerset, The new Forest and Forest of Dean, The Welsh Marches, northamptonshire, Suffolk and Hertfordshire, Gloucestershire and Buckinghamshire. Table 7 reveals that the 0.5-to 2-m shrub cover changes showed a strong geographic pattern with western woods (DS, GW, Po, Ar) showing an increase and those in the east either no change or a decline (Su, no). Having been heavily exploited for tanbark and charcoal, these western woods are now traditionally grazed, resulting in their characteristic open structure and specialist flora and bird community (Fuller, 1995; Quelch, 2006 , Smout, 2006 . Prompted by concerns that there is little natural regeneration in these woods (Palmer et al., 2004) , there have been recent initiatives to reduce the grazing pressure, which may be having an impact on the habitat structure, and could explain these increases in low vegetation cover. Elsewhere deer browsing is an increasing issue in lowland woods, particularly in the south and east (Cooke and Farrell, 2001; Fuller and Gill, 2001; Kirby, 2001; Morecroft et al., 2001; Dolman et al., 2010) . The reduction in low vegetation demonstrated in this study for some areas of eastern England is consistent with the effects of intensified browsing in this region (Gill, 2006; Gill and Fuller, 2007; Dolman et al., 2010) .
The most consistent structural change is the increase in the sub-canopy (2-10 m) cover found in virtually all localities. It was not recorded whether this reflected increased quantities of foliage on long-established trees or growth of new sub-canopy trees and shrubs. Kirby et al. (2005) reported increased shading in their woods which is consistent with our findings, which might well be due to increases in sub-canopy cover, rather than increases in canopy cover. The increase in the number of standing dead trees suggests self thinning of canopy trees possibly allowing greater subcanopy vegetation development.
The changes in field layer species fit the pattern described for the low understorey cover (0.5-2 m) with bramble increasing in the northern and westerly woods (Ar, GW, Po) and decreasing or remaining unchanged elsewhere. The most likely mechanisms are changes in browsing pressure and changes in shade levels within the woods.
The increase in ash at the expense of oak in these woodlands deserves further study. An increase in ash has also been reported in a recently published uK countryside survey for the period 1998 to 2007 (Carey et al., 2008) and Mihók et al. (2009) have reported ash colonization of a long-term monitoring plot in Wytham Wood. This is apparently not a new phenomenon having been first reported early in the twentieth century (Salisbury, 1918) . Such a change has also been reported elsewhere in northwest Europe (Hofmeister et al., 2004) where nitrogen deposition and successional changes were proposed as possible mechanisms. It is also possible that oaks have been selectively harvested from some of the woods at least. oak is particularly important for the range of species, numbers and biomass of invertebrates it supports (Southwood et al., 1982 (Southwood et al., , 2004 and is a key resource for woodland birds (Perrins, 1979) especially in the breeding season. In the long term, any loss of oak dominance is likely to lead to changes in biodiversity.
The overall increase in deadwood reported here is consistent with the results reported by other studies (Kirby et al., 2005; Smith, 2007) . Standing dead trees and deadwood on the ground have both increased and perhaps reflects the fact that woodlands are now far less exploited for their deadwood. However, the major storms in the south of England in 1987 and 1990 certainly resulted in large increases in dead and decaying wood in many woods and this effect was still evident in many places in the early 2000s (Smith, 2000, r. J. Fuller, personal observation) . The increase in large dead limbs on living trees is more difficult to explain but could be related to the increased maturity of trees and long-term effects of damage resulting from storm events.
our results are largely consistent with and complement those of Kirby et al. (2005) . The reduction of oak in the overstorey and decrease of hawthorn and hazel were found in both studies, although our study found a decrease in holly, whereas Kirby et al. (2005) found an increase. Kirby et al. (2005) found an increase in signs of browsing in lowland woods whereas there was no change for upland sites. This is consistent with the results of our study where there was a contrast between the increases in the low vegetation cover in western woods (largely upland woods) and no change or decreases elsewhere. Kirby et al. (2005) also found a decrease of open habitats within their woods, which is consistent with our increase in 2-10 m cover. Kirby et al. (2005) examined the potential drivers of the changes observed in their study, particularly the loss of species from the field layer, and concluded that a complex of interacting factors was likely to be implicated. They suggested that increased shading and loss of open habitats associated with stand development, the decrease in active forest management in the last five decades and increases in browsing and grazing pressure in some regions were all involved. Additionally, there were suspected impacts on the ground flora of reductions in soil
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none declared. acidity and increased nutrient inputs. our results lend strong support for the increases in shading, with stand development and lack of active forest management as the most likely driving mechanisms. unfortunately, we were unable to collect data systematically on the management history of our study sites so were precluded from exploring the lack of active management hypothesis in any detail.
Although there have been a number of studies examining changes in species composition and structure of individual British woods (for instance, Jones, 1987, 1989; Kirby et al., 1996; Mihók et al., 2009) , this is the first study to look at structural changes on such a broad scale. This paper describes major structural changes that have occurred in British broadleaved woodlands over the last 20 years, and our conclusions provide further independent support for the findings of Kirby et al. (2005) .
The development and promotion of sustainable and economically viable management regimes for broadleaved woodlands in Britain to meet sylvicultural, cultural and biodiversity objectives is a pressing need. In particular, effective ways to restructure old coppice woodlands in the lowlands (Kerr, 2002) and to ensure the long-term viability of West Atlantic oakwoods (Baarda, 2005) are needed urgently. recent initiatives such as the push to develop markets for wood fuel (Anonymous, 2007) offer the possibility of providing financial incentives to bring woodlands into active management. From the perspective of woodland bird conservation, the recent declines are well documented (Fuller et al., 2005; Amar et al., 2006; Hewson et al., 2007; Hewson and noble, 2009 ) and our knowledge of habitat requirements of woodland birds continues to increase (Fuller, 1995; Hinsley et al., 2007 Hinsley et al., , 2009 Hoodless and Hirons, 2007; lewis et al., 2009) . opportunities should now be taken to establish long-term monitoring of habitat structure and biodiversity in broadleaved woodlands where active management is being reinstated.
